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RANTES Production by Memory Phenotype T Cells
Is Controlled by a Posttranscriptional,
TCR-Dependent Process
gate why and how these properties differ between naive
and memory cells. It is likely that several phenomena
are involved. For example, in some cases, constant re-
exposure to antigen keeps memory cells in cycle (Gray
and Matzinger, 1991; Sprent, 1993). Memory T cells may
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respond to antigen much more quickly than naive cells
do because, at the very least, they do not have to move
out of Go. Their constant cycling also allows memorySummary
T cells to replenish themselves, allowing members of
particular clones to survive for a long time in the animal.An examination of differences in gene expression be-
In a search for the molecular basis for the differencestween memory and naive phenotype T cells revealed
in properties of resting naive and memory phenotype Televated levels of mRNA for several chemokines, es-
cells, we compared their gene expression using Affyme-pecially RANTES, in memory phenotype T cells. Al-
trix GeneArrays. Naive and memory phenotype CD4though RANTES mRNA is spliced and cytoplasmic,
and CD8 T cells differed in their levels of expressionthese cells do not contain or secrete significant
of a number of genes. Most striking among these wereamounts of RANTES protein without TCR stimulation.
the genes for several chemokines including RANTES.This secretion is independent of transcription, but re-
mRNA for RANTES, which is virtually absent from naivequires translation. In vivo, CD8memory T cells prolif-
cells, was over 30-fold higher in both populations oferate continuously and slowly in response to IL-15;
memory phenotype T cells. Despite the high level of fullyhowever, IL-15 does not stimulate RANTES secretion.
processed mRNA for RANTES, memory phenotype TThese results show that memory phenotype CD8 T
cells made no RANTES protein unless the cells werecells use preexisting mRNA to produce and secrete
stimulated via their T cell receptors (TCRs). Costimula-RANTES rapidly following TCR stimulation. Such stor-
tion via CD28 was neither sufficient nor required. Inter-age of preformed mRNAs for important inflammatory
estingly, IL-15 stimulation of memory phenotype CD8mediators may contribute to the speed of secondary
T cells did not induce RANTES production despite itsimmune responses.
well-established mitogenic activity on these cells (Ku et
al., 2000; Zhang et al., 1998). However, RANTES secre-Introduction
tion was augmented after TCR stimulation when memory
phenotype CD8 T cells were first stimulated with IL-It has long been known that immunological memory
15 prior to the TCR stimulus. Production of RANTES bydepends on the creation, during the primary response,
memory phenotype T cells immediately following TCRof memory B and T cells (Sprent, 1994). These cells have
stimulation was rapid and independent of RNA synthe-a number of properties which distinguish them from
sis, but dependent on protein synthesis. Thus, in thenaive cells (Ahmed and Gray, 1996; Rogers et al., 2000).
absence of TCR engagement, RANTES mRNA is transla-For example, they or their progeny survive longer in the
tionally silenced in memory phenotype CD8 T cells.animal compared to naive cells. Additionally, memory
We conclude that these phenomena enhance the abilitycells respond more rapidly to antigen (Gray, 2000; Pihl-
of memory phenotype T cells to rapidly initiate an inflam-gren et al., 1996). This rapid response is characterized
matory response following antigenic stimulation.by faster entry into cell cycle, quicker secretion of cyto-
kines, and more rapid conversion to effector cells. Fi-
Resultsnally, at least some types of memory cells occupy differ-
ent sites in the animal than do naive cells. For example,
Memory Phenotype T Cells Contain High Amountslong-lived plasma cells are found in the bone marrow
of mRNA for Certain Chemokines(Slifka and Ahmed, 1998), and memory T cells exist in
Despite the significance of the different properties ofnonlymphoid sites such as the thyroid and liver (Maso-
naive and memory T cells, little is known about the mo-pust et al., 2001; Reinhardt et al., 2001).
lecular mechanisms that underlie these differences. InA number of experiments have been done to investi-
an attempt to identify these mechanisms, we used Affy-
metrix gene arrays to measure mRNA expression in na-
6 Correspondence: marrackp@njc.org ive and memory phenotype CD4 and CD8 T cells.7 Present address: Division of Molecular Oncology, Osaka University
Naive and memory phenotype T cells were isolated fromGraduate School of Medicine, Osaka 565-0871, Japan.
the spleens and lymph nodes of middle-aged C57BL/8 Present address: University of Louisville School of Medicine, Insti-
tute for Cellular Therapeutics, Louisville, Kentucky 40202. 10 mice. Although these mice were not deliberately im-
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Table 1. Memory T Cells Contain High Levels of RANTES mRNA
CD8 Naive CD8 Memory CD4 Naive CD4 Memory
-actin 29649 26190 23127 29487
CD4 304 94 6059 5942
CD8 17983 13533 0 0
CD44 0 342 46 664
CD122 308 1086 340 1110
IL-2 0 0 95 382
IL-4 64 46 201 1018
IFN- 13 460 0 848
RANTES 580 18408 72 11311
MIP-1 343 5644 36 1453
Lymphotactin 101 2361 0 1909
IP-10 101 141 249 1228
Naive and memory phenotype CD4  and CD8 T cells were isolated from spleen and inguinal, brachial, axillary, submandibular, and
mesenteric lymph nodes of 6- to 8-month-old C57BL/10 mice and sorted to 95% purity based on their cell surface phenotype (Experimental
Procedures): CD4 naive, (CD62LhighCD44low), CD4 memory (CD62Llow CD44high), CD8 naive (CD122low), CD8 memory (CD122high). PolyA
mRNA was purified, processed into cRNA, and applied to Affymetrix mouse 11k gene chips (http://www.kmlab.njc.org) as previously described
(Mitchell et al., 2001; Teague et al., 1999). Values represent average difference scores as determined by Affymetrix Genechip Analysis software.
Negative values are shown as 0.
munized with antigen, they do contain some CD4 and tions. Interestingly, high levels of mRNAs for three che-
CD8 T cells with the characteristics of memory T cells. mokines, RANTES, MIP-1, and lymphotactin, were ob-
These cells are probably produced in response to envi- served exclusively in the memory phenotype T cell
ronmental antigens from sources such as their gut flora populations. CD4memory phenotype T cells also con-
or food. Cells of this origin are often used to investigate tained high levels of mRNA for the chemokine IP-10.
the properties of memory T cells since they can be ob- Although the signals obtained from the Affymetrix arrays
tained with relative ease in large numbers. can only be compared within a particular oligonucleotide
Cells bearing surface markers characteristic of naive set, the level of signal measured for these chemokines
and memory CD4 or CD8 lymphocytes were purified suggests that memory phenotype T cells express high
by high-speed sorting from the spleens and lymph levels of these mRNAs. Intrigued by this finding, we
nodes of normal, middle-aged C57BL/10 mice. Naive decided to study this result in more detail.
and memory CD4 cells were distinguished by their
relative surface expression of CD44 and CD62L (Sprent,
1993; Swain et al., 1991) and were purified by high speed Memory T Cells Do Not Secrete RANTES
cell sorting. Naive and memory CD8 T cells were sepa- in the Absence of TCR Stimulation
rated based on the amounts of CD122 on their surfaces We chose to focus our studies on RANTES because the
(Cho et al., 1999; Nelson and Willerford, 1998). In all level of RANTES mRNA from the Affymetrix GeneArrays
cases, reanalysis of the sorted cells revealed that each was the highest among all the chemokines tested. The
population was at least 95% pure. mRNA, cDNA, and fact that the memory phenotype T cells contained large
cRNA were prepared from these cells and applied to Affy- amounts of RANTES mRNA suggested that these cells
metrix mouse 11k gene chips as previously described might be constitutively secreting RANTES protein. To
(Mitchell et al., 2001; Teague et al., 1999). Results from test this hypothesis, memory and naive phenotype
this analysis reveal that mRNAs for housekeeping genes
CD4 and CD8 T cells were purified by sorting and
such as actin are present at similar levels in the four
cultured for 24 hr with or without stimulation via their T
cell populations (Table 1), demonstrating that our results
cell receptors (TCRs) and CD28. Both memory pheno-are representative of mRNA expression in the different
type CD8 and memory phenotype CD4T cells rapidlypopulations. The high level of purity of the sorted cells
secreted large amounts of RANTES compared to thewas confirmed by the low level of CD4 mRNA signal in
naive T cells following TCR stimulation with or withoutthe CD8 populations and vice versa. Additionally, the
CD28 costimulation (Figure 1). Memory phenotypemRNA from CD4 and CD8 memory phenotype T
CD8 T cells secreted significantly more RANTES com-cells, but not naive T cells, contained large amounts of
pared to memory phenotype CD4 T cells. The lowmRNA for CD44 and IL-2R, two proteins highly ex-
levels of RANTES secretion from the TCR-stimulatedpressed in memory phenotype but not naive phenotype
naive phenotype T cell populations were likely from theT cells (Cho et al., 1999; Sprent, 1993; Swain et al., 1991).
low percentage of contaminating memory phenotypeThese and other data from the analyses demonstrate
T cells present in these populations after cell sorting.that the four cell populations had been satisfactorily
Interestingly, none of the cell populations, including thepurified.
memory phenotype cells, secreted RANTES in the ab-Examination of mRNA levels for various cytokines and
sence of TCR or CD3 stimulation. Thus, although mem-chemokines revealed that, as expected, IL-2 and IL-4
ory phenotype cells contain large amounts of RANTESmRNAs were most highly expressed in the CD4 mem-
mRNA, they do not secrete the protein without TCR/ory phenotype T cells and interferon- (IFN-) mRNA
was expressed in both memory phenotype T cell popula- CD3 engagement.
Silencing of RANTES mRNA in Memory T Cells
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Figure 1. TCR Stimulation Elicits RANTES Secretion from CD4 and CD8 Memory T Cells
Memory and naive CD8 (A) and CD4 (B) T cells were purified by sorting (Table 1) and cultured for 24 hr at 2  106 cells/ml in 96-well
plates coated with the indicated antibodies. Cell culture supernatants were analyzed for RANTES by sandwich ELISA using a monoclonal
anti-mouse RANTES capture antibody and a biotin-conjugated polyclonal anti-mouse RANTES detection antibody with serial dilutions of
recombinant RANTES serving as standards. Closed bars are memory phenotype cells and hatched bars are naive phenotype cells. Error bars
show standard errors.
RANTES Secretion by Memory Phenotype CD8 did not secrete RANTES when cultured with IL-15. How-
ever, the concentration of IL-15 in normal mice mayT Cells Requires TCR Stimulation and Cannot
Be Induced by IL-15 have been insufficient to prepare the cells for RANTES
secretion after the short IL-15 culture used in the experi-Memory CD8T cells can be induced to divide by stimu-
lation via their TCRs and also with IL-15 through the IL- ments described above. We therefore tested whether a
lengthened period of culture in a relatively high concen-15 receptor complex (Ku et al., 2000; Zhang et al., 1998).
IL-15 has also been shown to induce expression of CC tration of IL-15 induced RANTES secretion by the T cells.
CD8 memory phenotype T cells were sorted andchemokines in unfractionated human T cells (Perera et
al., 1999). To determine whether RANTES secretion either immediately activated with anti-CD3/anti-CD28
antibodies or precultured in IL-15 for 24 or 48 hr prior tocould be induced by a proliferative stimulus indepen-
dent of the TCR, we compared RANTES secretion from activation with anti-CD3/anti-CD28 antibodies. Controls
were cultured in IL-15 alone or on immobilized nonspe-memory phenotype CD8 T cells stimulated to divide
either with anti-TCR antibodies or with IL-15. In this cific rat IgG. The cells cultured in IL-15 alone did not
secrete RANTES, regardless of the length of time theyexperiment, CD8 T cells were purified by removal of
other cells using magnetic bead StemSep columns. Us- had been preincubated with the cytokine (Figure 2B),
nor did the cells plated on nonspecific rat IgG. However,ing this method, no antibodies were bound to the CD8
T cells, and therefore artifacts due to antibody crosslink- exposure to IL-15 for 24 or 48 hr dramatically increased
RANTES secretion in response to subsequent stimula-ing of ligands during their purification were avoided. The
cells were stimulated either with immobilized anti-CD3 tion with anti-CD3/anti-CD28. This was not the result of
IL-15 increasing cell numbers in the cultures, since it isantibodies or with soluble IL-15. After 24 hr, both anti-
CD3- and IL-15-mediated stimulation had induced the our experience that 24 hr of IL-15 stimulation is not
long enough to induce memory phenotype CD8 T cellcells to blast in numbers well above those treated with
control rat IgG (48.7%, 21.3%, and 3.3%, respectively, division and 48 hr of IL-15 stimulation causes at most
only a doubling of the total cell number within the culture.Figure 2A). Only the T cells incubated with anti-CD3
secreted RANTES, demonstrating that the mechanism The relative small increase in cell numbers in these cul-
tures cannot therefore account for the dramatic increaseregulating RANTES secretion in memory phenotype
CD8 T cells can distinguish between activation and of RANTES secretion from the cells precultured in IL-
15 prior to activation.homeostatic proliferation.
Previous studies have shown that IL-15 treatment of These data show that rapid RANTES secretion by
memory phenotype CD8 T cells occurs specifically inhuman T lymphocytes upregulates RANTES mRNA lev-
els and induces its secretion (Perera et al., 1999). In response to TCR stimulation and that other stimuli which
activate the cell and promote cell division are not suffi-addition, experiments from our and other laboratories
have shown that CD8memory T cells are continuously cient to elicit RANTES secretion. Thus, the lack of
RANTES secretion from IL-15-stimulated memory phe-stimulated to proliferate by IL-15 in vivo (Ku et al., 2000;
Zhang et al., 1998). We were therefore surprised that notype CD8 T cells in vitro is not due to a general lack
of cellular activity, since the IL-15-treated cells werethe CD8memory phenotype T cells in our experiments
Immunity
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Figure 2. Secretion of RANTES by CD8
Memory T Cells Is Not Induced by IL-15, but
Is Enhanced by IL-15 Stimulation prior to TCR
Stimulation
(A) 2 106 CD8 T cells (80% naive and 20%
memory CD8 T cells) were stimulated to
divide either with anti-CD3 or with 50 ng/ml
IL-15 for 24 hr. These cells were not sorted
into naive and memory fractions to ensure
that IL-15 signaling would not be enhanced
or inhibited by staining for IL-2R. Previous
experiments show that the naive cells in this
experiment will not produce RANTES in the
time frame of the experiment (Figure 1). Su-
pernatants were analyzed for RANTES by
ELISA, and cell blasting/proliferation was
measured by analyzing the forward/side light
scatter of the cells. The percentage of blast-
ing cells is noted in the upper right-hand cor-
ner of the FACs plots.
(B) Memory phenotype CD8 T cells were
sorted and cultured for 24 hr in 96-well tissue
culture plates coated with 20g/ml anti-CD3/
anti-CD28 either without or with preculturing
in 50 ng/ml IL-15 for 24 or 48 hr. All cultures
were started with 1  106 cells/ml. Cells pre-
cultured in IL-15 were pelleted and trans-
ferred to anti-CD3/anti-CD28 coated wells in
fresh culture medium. Supernatants from the
cell cultures were analyzed for RANTES con-
tent by ELISA. Error bars denote standard
errors.
metabolically active in preparation for cell division. culture period. Overall, these data show that memory
These data also demonstrate that IL-15 functions to phenotype CD8 T cells secrete RANTES very rapidly
enhance TCR-mediated RANTES secretion, possibly by upon TCR stimulation.
increasing RANTES mRNA levels, as has been pre- The fact that memory phenotype CD8 T cells contain
viously described (Perera et al., 1999). high levels of RANTES mRNA but do not secrete the
protein suggests that the TCR-induced secretion may
be regulated at the posttranscriptional level. To test this,TCR-Induced RANTES Secretion from Memory
we stimulated memory phenotype CD8 T cells withPhenotype CD8 T Cells Occurs Rapidly and
anti-CD3/anti-CD28 in the presence or absence of theIndependent of Transcription but Not Translation
transcriptional inhibitor actinomycin D or the transla-One of the special properties of memory T cells is their
tional inhibitors anisomycin and cyclohexamide. Theability to respond rapidly to antigenic stimulation by
concentrations of inhibitors used were the minimum re-secreting proinflammatory cytokines quickly after acti-
quired to achieve95% inhibition of IL-2 secretion fromvation (Lalvani et al., 1997). To determine if RANTES is
memory phenotype T cells and had a very little effect onsecreted in this rapid fashion, we stimulated purified
cell viability during the 6 hr time course of the experimentmemory phenotype CD8 T cells with anti-CD3/anti-
(data not shown).CD28 and compared RANTES secretion to that of IL-2
Figure 3B shows that treatment with actinomycin Dduring 10 hr of culture (Figure 3A). RANTES secretion
resulted in only a partial decrease in the amount ofby CD8 memory phenotype T cells was detected as
RANTES secreted. However, treatment with either trans-early as 3 hr poststimulus and continued throughout the
lational inhibitor resulted in a 98% decrease in RANTES10 hr culture period. IL-2 secretion by memory pheno-
secretion. In comparison, the levels of both IL-2 andtype CD8 T cells was somewhat delayed by compari-
MIP-1 secreted by these same cells was inhibited byson with that of RANTES. As before, the naive CD8 T
at least 95% by treatment with either transcriptional orcells made almost undetectable amounts of RANTES.
translational inhibitors (which was also seen for MIP-1However, this was not because they were deficient in
and IFN-, data not shown). The fact that anisomycinthe appropriate secretory machinery since these same
cells did secrete significant amounts of IL-2 during the and cycloheximide had similar effects and that neither
Silencing of RANTES mRNA in Memory T Cells
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Figure 3. TCR-Induced RANTES Secretion from Memory Phenotype CD8 T Cells Is Rapid and Does Not Require Transcription, but Is Blocked
by Translational Inhibitors
(A) Sorted naive and memory phenotype CD8 T cells were stimulated at 2  106 on 20 g/ml plate-bound anti-CD3 and anti-CD28 for 3, 6,
and 10 hr. The culture supernatants were analyzed for RANTES and IL-2 content by ELISA.
(B) Memory phenotype CD8 T cells were purified and stimulated at 2  106 cells/ml on immobilized anti-CD3 and anti-CD28 coated at 20
g/ml per antibody without inhibitor () or with 1 g/ml actinomycin D (), 20 M anisomysin (), or 8 g/ml cyclohexamide () for 3 and 6
hr. RANTES, IL-2, and MIP-1 secretion was measured by capture ELISA. LOD  limit of detection for the MIP-1 ELISA.
reagent caused significant cytotoxicity over the time of cytoplasmic. To confirm this, we compared the levels
of unspliced and spliced RANTES mRNA in memory andthe experiment suggests that their effects were due to
inhibition of protein synthesis and not to some other naive phenotype CD8 T cells. The levels of unspliced
mRNA were compared using real-time RT-PCR primer/unspecified activity of the chemical inhibitors.
These data demonstrate that RANTES secretion after probe sets that exclusively detect unspliced RANTES
transcripts (Figure 4A). The levels of fully splicedTCR engagement requires protein, but not mRNA, syn-
thesis. This suggests two hypotheses. First, the memory RANTES mRNA were compared using limiting dilution
phenotype cells may not be able to translate their RT-PCR with primers that amplify the entire RANTES
RANTES mRNA prior to TCR engagement. Alternatively, open reading frame. If RANTES expression is regulated
RANTES protein may preexist in the memory phenotype by RNA splicing, memory T cells might contain much
T cells, but its secretion must require TCR-induced pro- higher levels of unspliced RANTES RNA than naive T
tein synthesis. cells, while the levels of fully processed RANTES mRNA
might be similar in the two types of cells. As shown in
Figure 4B, memory phenotype T cells contained muchRANTES mRNA in Memory T Cells Is Spliced,
more RANTES mRNA, both unspliced and spliced, thanProcessed, and Cytoplasmic
naive T cells. There was no evidence that memory phe-Posttranscriptional regulation of gene expression can
notype T cells were enriched in unprocessed rather thanbe controlled by several mechanisms (Sonenberg et al.,
fully spliced RANTES mRNA.2000), including regulation of RNA splicing and nuclear
It was possible that much of the RANTES mRNA in theexport of processed RNAs (Dumitru et al., 2000). Splicing
memory T cells was fully processed but not transportedand processing are known to be required for export of
from the nucleus to the cytoplasm until TCR engage-mRNAs to the cytoplasm (Yang et al., 1998). To test the
ment. To address this possibility, we used RT-PCR tofirst hypothesis that RANTES secretion is blocked at
compare the levels of fully spliced RANTES mRNA froma level beyond RNA splicing and nuclear export, we
cytoplasmic and nuclear fractions of purified T cellsinvestigated the status of the RANTES mRNA in memory
before and 6 hr after TCR stimulation (Figure 4C). Fullyphenotype cells. The mRNA used to make the cRNA for
spliced RANTES mRNA was present at 38.5-fold higherthe analysis shown in Table 1 had been isolated based
levels in the cytoplasmic versus nuclear RNA fractionson its content of poly A. It was therefore likely that
the RANTES mRNA measured was fully processed and of resting CD8 memory phenotype T cells. This high
Immunity
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Figure 4. RANTES RNA Is Spliced and Cytoplasmic in Memory CD8 T Cells prior to Activation
(A) The genomic exon/intron structure of the mouse RANTES gene (Danoff et al., 1994) indicating the position of the primers/probes used for
the limiting dilution and real-time PCR quantification of RANTES RNA species. The RANTES open reading frame is displayed as the shaded
regions, and the untranslated regions are shown as open boxes.
(B) cDNA was synthesized from total RNA purified from sorted naive and memory CD8 T cells. Quantification of the RANTES cDNA species
was performed by limiting dilution PCR for the RANTES open reading frame cDNA and by real-time RT-PCR for the unspliced RANTES cDNA.
All quantifications were normalized to -actin expression, which was quantified by real-time RT-PCR.
(C) Cytoplasmic and nuclear fractions from purified T cells either unstimulated or stimulated for 6 hr on immobilized anti-CD3 and anti-CD28
coated at 20 g/ml each, total RNA purified from these fractions, and cDNAs synthesized. Total T cells were used since previous experiments
showed that naive CD8 and CD4 populations contain insignificant levels of RANTES RNA compared to memory T cells and, therefore,
would not interfere in this analysis. RANTES cDNA was quantified using limiting dilution PCR. Quantification of unspliced CD8 RNA in the
cytoplasmic and nuclear fractions was performed by real-time RT-PCR and serves as a positive control for the fractionation procedure. Filled
and hatched bars represent activated and resting T cell RNA, respectively. Error bars denote standard errors.
ratio was unaffected by stimulation of the T cells via their we were unable to isolate sufficient numbers of cells
from mice to perform the RANTES ELISAs reliably onTCRs for 6 hr. Real-time RT-PCR analysis of unspliced
CD8 RNAs from the same fractions showed that the their intracellular contents. Therefore, we utilized a re-
cently described method of producing large numbersresting and activated T cell nuclear RNA fractions had
12.0- and 8.8-fold more unspliced CD8 RNA compared of memory phenotype CD8 T cells in vitro (Manjunath
et al., 2001). This method involves stimulation of GP33to the corresponding cytoplasmic fractions, verifying
that the nuclear and cytoplasmic isolates were represen- TCR-transgenic CD8 T cells with MHC and antigen
and subsequent culture in the presence of IL-15.tative of their sources (Figure 4C).
Results from the above analyses indicate that To verify that these cells regulate RANTES expression
similar to their in vivo counterparts, we analyzed theRANTES mRNA in memory phenotype CD8 T cells is
fully processed and cytoplasmic. Therefore, the fact that expression of RANTES and related chemokine mRNAs
and secretion of RANTES protein in these in vitro differ-memory phenotype CD8 T cells do not spontaneously
secrete RANTES without TCR engagement and protein entiated memory T cells before and after TCR stimula-
tion (Figure 5A). As expected, the cells contained highsynthesis must be due to either translational silencing
of the RANTES mRNA or to a requirement for production levels of RANTES mRNA prior to activation and only
slightly upregulated RANTES mRNA (less than 5-fold) 6of some protein involved in the secretion of preexisting
RANTES protein. hr post-TCR engagement. This same pattern of RANTES
mRNA expression was observed in sorted primary mem-
ory phenotype CD8 T cells (Figure 4C and data notRANTES mRNA Is Released from Silencing by TCR
Engagement in CD8 Memory Phenotype T Cells shown). In contrast, expression of MIP-1 and MIP-1
mRNAs, as well as interferon- mRNA, is over 100-foldTo test these possibilities, we investigated whether the
CD8 memory phenotype T cells did indeed contain induced after TCR activation. Therefore, these in vitro-
generated CD8 memory phenotype T cells regulatepreexisting RANTES protein, as has been suggested by
other published reports (Wagner et al., 1998). However, RANTES mRNA expression in a manner similar to mem-
ory phenotype CD8 T cells. These experiments alsowe were unable to analyze this by flow cytometry, and
Silencing of RANTES mRNA in Memory T Cells
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Figure 5. Upon Activation, In Vitro-Gener-
ated Memory Phenotype CD8 T Cells Use
Preexisting RANTES mRNA to Produce and
Secrete Extensively Higher Amounts of
RANTES Protein Than They Contain prior to
Activation
(A) Total RNA from in vitro-generated resting
and activated GP33 memory phenotype
CD8 T cells was reverse-transcribed and
analyzed for chemokine and inflammatory cy-
tokine expression before and 6 hr after activa-
tion by immobilized anti-CD3/anti-CD28 us-
ing limiting dilution PCR. Five-fold serial
dilutions of cDNA were amplified by PCR for
25 cycles using gene-specific primers for
RANTES, MIP-1, MIP-1, and interferon-,
and equivalent amounts of the PCR reactions
were fractionated on an agarose gel and
stained with ethidium bromide. Although
MIP-1 PCR products are only faintly detect-
able before TCR activation after 25 cycles
of amplification, 5 additional cycles clearly
show that some MIP-1 mRNA is present in
these cells prior to TCR activation (data not
shown). -actin content was analyzed to con-
trol for cDNA levels in the two samples.
(B) In vitro-generated memory phenotype T
cells were stimulated with anti-CD3/anti-
CD28 without or with actinomycin D (1 g/
ml), anisomycin (20 M), or cyclohexamide (8
g/ml) for 3 and 6 hr. The culture superna-
tants were collected and analyzed for
RANTES content by ELISA. Intracellular
stores of RANTES were quantified from un-
stimulated GP33 memory phenotype CD8
T cells by lysis in NP40 lysis buffer and analy-
sis by ELISA. Bars denote standard error.
reinforce the finding that regulation of RANTES mRNA whether RANTES protein preexists inside memory phe-
notype CD8 T cells. A sample of cells taken from theexpression in memory phenotype CD8 T cells is differ-
ent from that for related chemokines in that it is present preparation of in vitro-generated cells used to measure
RANTES secretion in the experiments shown in Figureat high levels prior to reactivation. In addition, reactiva-
tion elicits only a small induction of mRNA levels over 5B was lysed immediately and assayed for intracellular
RANTES protein. The amount of intracellular RANTESthe short term in contrast to MIP-1 and MIP-1, which
are expressed at lower levels prior to restimulation and protein per 106 cells detected in unstimulated cells was
12.8 pg, an amount roughly 20-fold lower than theare highly upregulated after reactivation.
As expected, ELISA analyses showed that the cells amount of RANTES protein secreted per 106 cells within
3 hr of TCR activation with or without actinomycin Ddid not secrete RANTES protein in the absence of TCR
stimulation (data not shown). The amounts of RANTES (249 and 226 pg, respectively). The intracellular amount
of RANTES protein was very similar to the low amountprotein secreted in response to TCR engagement were
somewhat reduced by inhibition of RNA synthesis, but of RANTES secreted per 106 cells within 3 hr of TCR
activation in the presence of anisomycin or cyclohexa-were almost completely ablated by inhibition of protein
synthesis (Figure 5B). Therefore, the in vitro memory mide (18.5 and 13.0 pg, respectively). These data dem-
onstrate that RANTES protein is not stored in apprecia-phenotype CD8 T cells appear to regulate RANTES
mRNA expression and protein secretion similar to the ble amounts in in vitro-generated CD8 memory
phenotype T cells compared to the amount secretedmemory phenotype CD8 T cells isolated directly from
mice. over a short period of time in the absence or presence
of actinomycin D.Since these in vitro-generated cells appeared to be
a legitimate model for CD8 memory phenotype cells We additionally analyzed RANTES levels in sorted
CD8 memory phenotype T cells before and after 18isolated from mice, we used these cells to investigate
Immunity
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Figure 6. RANTES Protein Is Detected in Sorted Memory Phenotype CD8 T Cells Only after Activation
Sorted memory phenotype CD8 T cells were either stained directly post-sort (ex vivo) or activated for 18 hr (the last 12 hr in the presence
of secretory inhibitors) on immobilized anti-CD3 and anti-CD28 prior to immunohistochemical analysis. Cells were stained with a RANTES
specific monoclonal antibody or nonspecific rat IgG (red), counterstained with Hoechst 33342 (blue), and analyzed by immunofluorescence
microscopy using identical exposure times for each image. Cells were imaged using serial 1 M sections, and the images shown are maximum
pixel intensity two-dimensional projections of the deconvolved three-dimensional image with histograms set to the same levels for all images.
Cells shown are representative of the population of cells for each staining condition.
hr of activation using immunohistochemistry (Figure 6). CD8 memory phenotype T cells created in vitro con-
tained almost no RANTES protein prior to engagementCells stained directly ex vivo without stimulation using
of their TCRs as determined by biochemistry and immu-a RANTES-specific monoclonal antibody do not have
nofluorescence. It is possible that an additional pro-detectable levels of RANTES. However, cells stimulated
tein(s) must be synthesized after TCR engagement infor 18 hr prior to analysis do show a vesicular pattern
order for RANTES to be secreted; however, their mRNAsof RANTES staining. Control staining with nonspecific
must also preexist and be translationally silenced, sincerat IgG shows an undetectable level of staining. Staining
RANTES secretion after TCR engagement is not pro-of HEK 293 cells transfected with a construct expressing
foundly inhibited by blockage of mRNA transcription.RANTES-GFP fusion protein shows colocalization of
Our results suggest that RANTES gene expression isRANTES staining and GFP expression, verifying the
regulated differently than other -chemokines includingspecificity of the RANTES staining (data not shown).
MIP-1 and MIP-1. Memory cell mRNA gives a muchThese data further demonstrate that the regulation of
higher signal on the Affymetrix gene chip for RANTESRANTES protein secretion from memory phenotype
than for the other -chemokines. Also, RANTES is se-CD8 T cells is at the level of synthesis of the RANTES
creted by memory phenotype CD8 T cells in the pres-protein and that significant amounts of RANTES are not
ence of transcriptional inhibitors, whereas MIP-1 andstored as protein prior to activation.
MIP-1 secretion is inhibited. The quick and robustCollectively, these results show that memory pheno-
upregulation of MIP-1 and MIP-1 mRNA followingtype CD8 T cells contain, by comparison with naive T
TCR activation compared to the very slight upregulationcells, large amounts of fully spliced, polyadenylated,
of RANTES mRNA suggests that CD8 memory pheno-cytoplasmic RANTES mRNA but very little RANTES pro-
type T cells use a mechanism to allow rapid productiontein. Thus, regulation of RANTES protein production in
of RANTES that is distinct from the rapid transcriptionalmemory T cells must occur by inhibition of the transla-
upregulation of MIP-1 and MIP-1. One potential ex-tion of cytoplasmic RANTES mRNA, and engagement of
planation for this difference would be that memory phe-TCRs releases the RANTES mRNA from this translational
notype T cells are not capable of quickly transcribingsilencing.
large amounts of RANTES mRNA after activation, and
have therefore developed a mechanism to maintain the
Discussion RANTES mRNA that is made late in the primary activa-
tion of the naive T cell in a translationally inactive state
The data presented here show that CD8 memory T until reactivation.
cells contain high levels of RANTES mRNA but do not There are numerous examples of mRNA expression
secrete RANTES unless they are stimulated via their but not translation in higher eukaryotic cells. In some
TCRs. Once this stimulation has occurred, protein syn- cases, this is achieved by mechanisms that affect the
thesis is required for RANTES secretion. We demon- availability and phosphorylation state of translation initi-
strate this using both CD8 T cells of memory pheno- ation factors (eIFs) (Hentze, 1995) and thus affect trans-
type isolated directly from mice or generated in vitro. lation of many mRNAs in the cell. It is unlikely that such
a mechanism functions to specifically regulate RANTESRANTES translation appears to be required since the
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secretion since stimulation with IL-15, which leads to occur either by inhibition of splicing or by binding of
cell blasting and proliferation, does not initiate RANTES factors to AU-rich 3	 sequences, phenomena which have
mRNA translation. In other cases, translational inhibition been studied in detail only in macrophage/monocyte
is acheived by preventing translocation of the mRNA cell lines (Gueydan et al., 1999; Piecyk et al., 2000). The
from the nucleus to the cytoplasm. Here, inhibition is experiments described in this paper are some of the
often specific for particular mRNAs and can be achieved first to demonstrate that translation of specific, fully
via inhibition of RNA splicing in the nucleus, a phenome- processed, cytoplasmic mRNAs is silenced in memory
non previously noted for TNF- mRNA in naive T cells phenotype CD8 T cells and that silencing can be re-
(Yang et al., 1998), or failure to polyadenylate the mRNA lieved by signals delivered through the TCR.
(Macdonald, 2001). These mechanisms are not likely How do the phenomena reported here reflect on the
responsible for the regulation of RANTES secretion in activity of memory T cells in vivo? A significant number
CD8 memory phenotype T cells since the bulk of the of memory T cells are found in vivo at remote sites,
RANTES mRNA in memory T cells is fully spliced, poly- relatively isolated from professional antigen-presenting
adenylated, and present in the cytoplasm. Finally, in cells. Preexisting RANTES mRNA and induction of
some cases, translation of specific mRNAs is inhibited RANTES protein secretion in response to TCR signaling
by structures/sequences intrinsic to the mRNA. For ex- in the absence of costimulation may allow memory T
ample, AUG sequences present upstream of the true cells to produce RANTES very rapidly in response to
translation initiation site can result in translation initia- antigen presented by the target tissue alone. RANTES,
tion from inappropriate upstream sites and thus inhibit in turn, is a powerful chemotactic agent for professional
initiation at the correct site (Sonenberg et al., 2000). The antigen-presenting cells such as dendritic cells (Sozzani
mRNA for IL-15, a protein involved in CD8 memory T et al., 1995). Memory T cells can thus serve as very early
cell maintenance and proliferation, falls into this class recruiting agents for an immune response at the site of
(Bamford et al., 1996; Tagaya et al., 1996). The 5	 UTR reinfection. The fact that RANTES protein synthesis is
sequence of RANTES is reported to vary between mouse induced by T cell receptor engagement but not by IL-
strains, with some strains having no upstream AUGs 15 receptor engagement adds an additional element of
and another having just one AUG upstream of the start specificity since CD8 memory T cells are in a constant
codon. It is unlikely that RANTES production in memory state of slow proliferation in response to endogenous
T cells is regulated by this mechanism since several IL-15 (Ku et al., 2000).
upstream AUGs are typically required for this mecha-
Experimental Proceduresnism of suppression. Other mRNAs contain AU-rich ele-
ments (AREs) in their 3	 untranslated regions (Piecyk et
Miceal., 2000). These are bound by proteins such as TIA-1
Female C57BL/10SgSnJ mice between 3 and 8 months of age wereand TIAR, which silence translation of the mRNAs. The
purchased from The Jackson Laboratory and were used for all ex-
mRNA for tumor necrosis factor  (TNF-) is regulated periments. Female mice 8 to 12 weeks in age transgenic for the GP33
via this mechanism (Gueydan et al., 1999; Piecyk et al., TCR, which recognizes the glycoprotein peptide epitope (gp33-41)
2000). However, the 3	UTR of RANTES does not contain from lymphocytic choriomeningitis virus (LCMV) on the C57BL/6
background were used for the in vitro production of CD8 memoryARE sequences and is therefore unlikely to be regulated
phenotype T cells. Mice were housed in the Biological Resourceby this mechanism.
Center at National Jewish Medical and Research Center underInterestingly, secondary structure analysis (Walter et
pathogen-free conditions.al., 1994) reveals that the 3	 UTRs of both mouse and
human RANTES mRNA include large, thermodynami- Cell Culture
cally favorable stem-loop structures. Similar 3	 UTR To obtain T cells for cell sorting and cell culture, single-cell suspen-
structures have been associated with translational con- sions were generated from axillary, brachial, inguinal, submandibu-
lar, and mesenteric lymph nodes and spleen. The spleen single-celltrol (Curtis et al., 1995). In addition, mouse, rat, and
suspensions were enriched for T cells by passage over nylon woolhuman RANTES mRNAs contain proximal 5	 UTR se-
(Julius et al., 1973) prior to cell sorting. After nylon wool enrichment,quences that are very similar, and such conservation in
cells were resuspended in complete tumor medium (CTM) in prepa-noncoding portions of the mRNA suggests a functional ration for labeling with fluorochrome-conjugated monoclonal anti-
importance to this sequence. Recent work has impli- bodies. After cell sorting, cells were cultured at the indicated densi-
cated the phylogenetically conserved pseudoknot ties in 96-well plates in CTM. Where indicated, control rat IgG
structure formed by the proximal 5	UTR of human IFN- (Sigma, St. Louis, MO), anti-CD3 (145.2C11), anti-TCR C (H57-597),
anti-CD28 (37.51) antibodies were used to coat 96-well plates atin translational attenuation (Ben-Asouli et al., 2002). Cur-
20 g/ml overnight at 4
C. The culture wells were then thoroughlyrent studies are aimed to identify the region(s) of
washed and used for T cell culture. Recombinant human IL-15 usedRANTES mRNA that is responsible for its silencing in
to induce proliferation of memory CD8 T cells was purchased
memory phenotype CD8 T cells. from R&D Systems (Minneapolis, MN). The transcriptional inhibitor,
Translational silencing of extant mRNAs has been re- actinomycin D, and the protein synthesis inhibitors, anisomycin and
ported in T cells previously. A recent reports shows that cyclohexamide, were purchased from Sigma.
translation of the RFLAT-1 transcription factor, which
Cell Sorting and Flow Cytometryactivates RANTES transcription in human memory T
Nylon wool-enriched single-cell suspensions from lymph nodes andcells, is regulated at the level of translation (Nikolcheva
spleen were stained at 20  106 cells/ml with the following panelset al., 2002). RFLAT-1 translational silencing is depen-
of antibodies in CTM containing 25% 2.4G2 supernatant (anti-Fcdent on its 5	-UTR, and translation is activated via sig- receptor) for cell sorting. CD8memory and naive cells were sorted
naling through ERK-1/2 and p38 MAP kinases. As noted using anti-CD8(53-6.7)-allophycocyanin (APC) and anti-CD122(TM-
above, translation of TNF- mRNA in T cells is silenced 1)-phycoerythrin (PE). Total CD8 T cells were sorted using anti-
CD8-APC and anti-CD4 (GK1.5)-PE. CD4 memory and naive Tprior to TCR engagement (Yang et al., 1998). This may
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cells were sorted using anti-CD4-APC, anti-CD44(IM7)-cychrome, designed to span intron-exon boundaries that will detect only cDNAs
produced from unspliced RNAs. Spliced CD8 cDNAs were quanti-and anti-CD62L(MEL-14)-PE. For both CD8 and CD4 sorts, anti-
IAb(Y3P)-fluoroscein isothiocyanate (FITC) and/or anti-B220(6B2)- fied using a real-time PCR probe and primers which span an exon-
exon junction and will detect only spliced CD8 cDNA. Real-timeFITC were used to identify cells which were to be excluded from
the sort. All cell sorting was performed using a MoFlo high-speed PCR analysis of negative control cDNA synthesis reactions lacking
the M-MLV reverse transcriptase did not produce signal after 35cell sorter (Cyomation, Fort Collins, CO). Antibody conjugates were
either purchased from BD Pharmingen (San Diego, CA) or produced cycles, demonstrating that the signal from primer/probe sets spe-
cific for unspliced DNA was from unspliced cDNAs and not fromin house. Total T cells used in the nuclear/cytoplasmic fractionation
experiments were purified using StemSep magnetic cell sorting and genomic DNA contamination. Where noted, RNA levels quantified
by these methods were normalized to the levels of -actin, whichT cell enrichment cocktail according to the manufacturer’s instruc-
tions (StemCell, Vancouver, BC). Post-sort purity analysis and for- were also determined by real-time PCR. Real-time PCR was per-
formed using the TaqMan PCR kit and an ABI 7700 sequence detec-ward/side scatter analysis of cultured cells were performed using
a FACScalibur flow cytometer and CellQuest (Beckton Dickinson, tor thermal cycler according to the manufacturer’s suggested proto-
col (PE Biosystems, Foster City, CA), and data were analyzed usingMountain View, CA) or FloJo (Tree Star, Palo Alto, CA) software.
Sequence Detector 1.6.3 software. Sequences for the primers and
real-time PCR probes (FAM/TAMRA labeled) (Synthegen, Houston,Gene Chip Analysis
TX) used are available upon request.The populations of cells used in the gene chip analysis were sorted
as outlined above to the following purities: CD4 naive (CD44-low/
ImmunohistochemistryCD62L-high), 98.2% with 0.3% CD4 memory T cell (CD44-high/
Cells were adhered to poly-lysine covered coverslips, fixed in 4%CD62L-low) and 0.6% B220 cell contamination; CD4 memory,
paraformaldehyde/4% sucrose in 1X PBS (pH 7.5) for 15	, and solu-98.1% with 0.6% CD4 naive T cell and 0.4% B220 cell contamina-
bilized in 0.2% Triton X-100 in 1X PBS for 5	 prior to antibodytion; CD8 naive (CD122-low), 98.7% with 0.7% CD8 memory T
staining. Cells were blocked for 15	 in 10% FCS in DMEM andcell (CD122-high) and 0.5% MHC class II/B220 contamination;
then stained with either a rat anti-RANTES monoclonal antibodyand CD8 memory, 96.8% with 1.5% CD8 naive T cell and 1.1%
(MAB478, R&D Systems) or nonspecific rat IgG at 25 g/ml for 1MHC class II/B220 cell contamination. mRNAs were purified
hr. An Alexa Fluor 555-conjugated goat anti-rat polyclonal antibodybased on their possession of polyA sequences, processed to cRNA,
(Molecular Probes) was used for detection, and the cells were coun-and analyzed on mouse 11k Affymetrix gene chips (Santa Clara, CA)
terstained with Hoechst 33342 for nuclear visualization. Three-as previously described (Mitchell et al., 2001; Teague et al., 1999).
dimensional immunofluorescence and corresponding Nomarski im-
ages were captured using equivalent exposure times and analyzedChemokine and Cytokine ELISAs
by an Intellegent Imaging Innovations digital imaging system (Den-ELISAs were performed to quantify RANTES, MIP-1, and IL-2 se-
ver, CO). The three-dimensional images were deconvolved usingcretion from cultured T cell supernatants. Capture monoclonal anti-
nearest neighbor deconvolution and converted into two-dimen-body and biotinylated detection antibody for RANTES and MIP-1
sional projections using maximum pixel intensity, and the imagewere purchased from R&D Systems, and antibodies for IL-2 ELISAs
histograms were all set to the same levels.were purchased from BD Pharmingen. Recombinant RANTES and
MIP-1 and IL-2 standard were purchased from Peprotech (Rocky
AcknowledgmentsHill, NJ) and R&D Systems, respectively. ELISAs were performed as
per manufacturer’s instructions. The quantification of intracellular
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